We present lattice results for the spectrum of mesons containing one heavy quark and of baryons containing one or two heavy quarks. The calculation is done in the quenched approximation using the NRQCD formalism for the heavy quark. We analyze the dependence of the mass splittings on both the heavy and the light quark masses. Meson P -state fine structure and baryon hyperfine splittings are resolved for the first time. We fix the b quark mass using both M B and M Λ b , and our best estimate is 
Introduction
The spectrum and decays of hadrons containing b quarks will be measured in precision experiments at the B factories. It is therefore important to calculate the spectrum expected from QCD, both as a test of the theory and to predict the masses of states not yet observed. This paper reports on results of a lattice calculation of the heavy-light spectrum using the non-relativistic formulation of QCD (NRQCD) for heavy quarks [1] , and the tadpole-improved clover action for light quarks. This approach allows us to have better control over discretization errors in both the heavy and the light quark sectors.
Lattice QCD allows us to investigate the dependence of the meson and baryon mass splittings on the heavy and light quark masses. For this purpose we simulate three values of light quark masses in the range 0.8m s − 1.3m s , and six values of heavy quark masses in the range 3 − 20 GeV. The NRQCD formalism is ideally suited to study such a wide range of heavy quark masses at 1/a = 1.92 GeV, the lattice spacing we use. For the light quarks we use the tadpole-improved clover action which has discretization errors of O(α s a) and these are expected to be small at this lattice spacing. These improvements make it possible to perform reliable comparisons with both the experimental b spectrum and expectations based on Heavy Quark Symmetry.
The phenomenological interest in the decay rates of hadrons containing b quarks stems from the important role they play in the determination of the Cabibbo-Kobayashi-Maskawa matrix elements. Two quantities that are used as input in the analyses of experimental data are m ) and the decay constants f B and f Bs . Here we shall present results for the b quark mass, while the calculation of decay constants has already been reported in a companion paper [2] . This paper is organized as follows. In Sec. 2 we briefly review the experimental situation and provide a justification for the NRQCD approach to heavy quarks. The parameters used in the simulations are given in Sec. 3. Sec. 4 describes the determination of the b quark mass. Our results on the heavy-light meson spectrum are presented in Sec. 5 along with a discussion of the spin-independent and spin-dependent mass splittings. Baryons containing one heavy and two light quarks are discussed in Sec. 6 . In Sec. 7 we give a brief description of our results on baryons containing two (degenerate) heavy quarks and one light quark. This is followed by a determination of HQET parameters in Sec. 8. Finally, we summarize our main conclusions in Sec. 9.
Phenomenological Background
The NRQCD approach for simulating b quarks is justified because the typical velocity of the heavy quark is small, v/c ∼ O(Λ QCD /M) ∼ 0.05 − 0.1. This is corroborated by the experimental observation that all splittings are much smaller than the masses, and the hadron masses are dominated by the heavy quark mass. Thus a very natural picture of the heavylight system is a "hydrogen atom" composed of the light degrees of freedom bound in the background of an almost static color source. Within this model one can distinguish between spin-independent splittings in the spectrum dominated by radial and/or orbital excitations of the light quark, and spin-dependent ones dominated by the spin-flip energy of the heavy Pluses stand for the spin-averaged Σ − Λ splitting (we have used the DELPHI measurement of Σ b [3] ). The splitting between the Λ and the spin-averaged S state meson is denoted by crosses. Bursts denote the spin-averaged P − S splitting. Table 1 : A summary of the heavy and light quark mass parameters, aM 0 and κ, used in the simulation and the resulting mass of pions composed of degenerate light quarks. We also list the values of the stability parameter n used in the heavy quark evolution [2] .
quark. These two types of splittings have distinct behavior as a function of the heavy quark mass. Spin-independent splittings survive the infinite heavy quark mass limit whereas the spin-dependent ones do not.
The experimental data plotted in Fig. 1 show that the spin-independent splittings are often insensitive to the mass of the heavy quark. In fact one finds in many cases that the insensitivity persists down to the strange quark mass. Spin-dependent splittings, on the other hand, are found to increase with the inverse heavy quark mass as shown in Fig. 2 . An analysis with a phenomenologically determined potential is in agreement with these results, however there is considerable uncertainty in how to model the light degrees of freedom (see [5] and references therein). Simulations of lattice QCD using a non-relativistic formulation for heavy quarks provide estimates without resort to modeling.
The NRQCD formulation has been discussed in [1, 6] . It has been very successful in the study of heavy quarkonia [6] , and we apply it to predict the heavy-light spectrum here. Results using alternate formulations, static heavy quarks or standard (Wilson or clover) discretization of the Dirac operator mostly extrapolated from the charm region, can be found in [7, 8, 9, 10, 11] and we shall compare against them at appropriate places.
Simulation Parameters
The statistical sample consists of the same 102 quenched configurations, at β = 6.0 with lattice size 16 3 × 48, as used in our study of decay constants [2] . The NRQCD action, the evolution equation for calculating the heavy quark propagator, the method used for setting the lattice scale, and the fixing of light and strange quark masses are also the same. The list of quark masses used in our simulation are reproduced in Table 1 , and the operators used to study the various states, are given in Table 2 .
We estimate that the significant sources of systematic errors in this calculation are finite volume, finite lattice spacing, quenching, uncertainties in determining a, fixing the strange quark mass and perturbative corrections. For a lattice size of ≈ 1.6 fm, finite volume effects are not expected to be significant for the lower lying S state mesons. However, there are indications that the wave functions for P states and the baryons are more extended [8] and finite size effects in these states should therefore be larger. We cannot comment on this as components of h respectively. The baryon operators for s z < 0 are constructed from the corresponding s z > 0 operators by interchanging σ + ↔ σ − and ↑↔↓. The Ξ baryons are obtained by replacing one of the light flavors in Σ by an s, and the Ω by replacing both light quarks by ss. For the heavy-heavy-light baryons, the operators are identical except u and d are to be interpreted as two flavors of heavy quarks and h as the light or s quark. The 3 P 2 states decompose, under the cubic group, into two representations labeled T and E. Our j = 2 P states are spin-averaged over both lattice representations:
we have results on only one lattice volume. The O(α s a) error associated with the tadpole improved clover light fermions is expected to be a few percent at this β [12] . A detailed study of the scaling behavior of the heavy-light spectrum is discussed in Ref. [13] . Quenching errors remain unknown. However, since the B spectrum is dominated by the light quark degrees of freedom, we expect that using light spectroscopic quantities to fix a compensates for part of this uncertainty. The central value of lattice scale we use is 1/a = 1.92(7) GeV as obtained from M ρ . To estimate the systematic error in this we repeat our bootstrap analyses with 1/a = 1.8 and 2 GeV as discussed in [2] . We obtain κ l = 0.13917 (9) , corresponding to the light quark mass
2 /770 2 . We cannot resolve a curvature in the light quark mass dependence, and do not assign a systematic error in κ l . To determine the strange quark mass, we use three different methods. By fixing the ratio M to its physical value, we obtain κ s = 0.13755 (13) . Using the ratios M K * /M ρ and M φ /M ρ , gives κ s = 0.13719 (25) and 0.13717 (25) respectively. Since the latter two agree within errors, we only give the results using M K and M K * . For our final results, we use κ s from M K , and determine the systematic error using κ s from K * . In our final results, the first error we quote comes from a bootstrap analysis using a −1 = 1.92(7) GeV, the second from the scale uncertainty, and where applicable, the third from the uncertainty in the strange quark mass. We comment on the uncertainty due to using 1-loop perturbative expressions and in fixing the b quark mass below.
A summary of some of the important features of the raw lattice data are as follows. (i) The data at aM 0 = 7.0 and 10.0 are not as reliable as that for aM 0 ≤ 4.0 (there are no clear plateaux in the effective mass plots). They are, therefore, used only in the estimation of HQET parameters, where we have chosen states and operators with the best signal. (ii) The calculation of P state correlation functions has been done for only aM 0 = 1.6, 2.0, 2.7. Lastly, we fix the bare b quark mass aM 0 b as follows. In NRQCD and the static theory, E sim , the rate of exponential fall-off of the heavy-light meson correlators, is not the meson mass, but is related to it by the shift,
Here Z m is the renormalization constant connecting the bare quark mass to the pole mass, and E 0 is the shift in the energy of the quark. As discussed in more detail in Ref. [2] , we employ three different methods to calculate the meson mass: (i) M kin extracted directly from the dispersion relation of the heavy-light meson; (ii) M pert obtained by evaluating the mass shift ∆ perturbatively; and (iii) M ′ using the ∆ obtained from the dispersion relation of the heavy-heavy meson at the same aM 0 value. The perturbative results for Z m , E 0 and ∆ are given in Table 3 . Table 3 : The stability parameter n and the 1-loop perturbative estimates of the mass renormalization constant Z m , the zero point shift of the heavy quark energy E 0 , and the mass shift ∆ = Z m M 0 − E 0 using the q * calculated with the Hornbostel-Lepage procedure [14] . Errors associated with numerical integration of the 1-loop expressions are insignificant compared to other systematic errors.
In the perturbative analyses, we use α s = α P defined in Ref. [15] . The relevant scale q * at which to evaluate the running coupling α P is chosen separately for each process using an extension [14] of the Lepage-Mackenzie scale-setting prescription [16] . The choice of scale advocated in the original Lepage-Mackenzie scheme eliminates the O(α 2 s ) correction in the bubble summation approximation. This procedure can fail, however, when the one-loop contribution becomes small. Hornbostel and Lepage [14] have recently extended the method to overcome this difficulty by taking into account higher-order terms in the bubble summation approximation. Their extension reduces to the original Lepage-Mackenzie prescription when the one-loop term is not small due to large cancelling contributions. The perturbative series for Z m has an infra-red renormalon ambiguity [17] , which is typically characterized by an uncertainty of O(Λ QCD /M). Since this is comparable to the entire O(α s ) correction, we shall use the latter as the estimate of the perturbative error in the determination of M pole .
All three methods for estimating the B meson mass give compatible results for aM 0 ≤ 4 as shown in Table 4 . These estimates differ slightly from those in Ref. [2] due to a reanalysis of the data and different choice of q * . Unfortunately, the most direct method, using the heavylight dispersion relation, has large errors. The method using ∆ extracted from heavy-heavy mesons is more accurate for aM 0 ≤ 4.0. For aM 0 = 7.0 and 10.0, heavy-heavy mesons have large discretization errors as these are governed by pa ∼ α s Ma, so the corresponding data for ∆ are not reliable. To summarize, the best estimate is aM Table 5 . Here, and in the following, we use the symbol Λ h to represent a heavy-light-light Λ baryon with h labeling the heavy quark. Again, we find that the difference between the three methods are significant only for aM 0 = 7.0 and 10.0. Therefore, we determine M 0 b by linearly interpolating the data at the lightest three M 0 values. The result is aM 0 b = 2.5(6) using M Λ b = 5624 MeV. This is consistent with the estimate from the meson sector; however, since it has much larger errors we do not consider it further.
The final issue in fixing aM 0 b is related to the fact that our calculation fails to reproduce the experimental hyperfine splitting between the B and the B * , as discussed in Sec. 5.4. Thus, it could be argued that determining aM Table 4 .
Mass of the b quark, m MS (m MS )
There are two steps needed to determine quark masses from lattice calculations. First, the bare quark masses have to be fixed by matching the lattice spectrum to experimental data. This has been described in Sec. 3. Next, one needs to calculate the renormalization constants that relate these bare masses to the renormalized mass in the desired continuum scheme. The most common scheme is MS and we shall use it here. Standard continuum perturbation theory calculations can then be used to convert the result to any other scheme. We calculate the MS mass by equating the pole mass on the lattice to that in the continuum:
where Z m and Z cont are the lattice and continuum renormalization constants [18] , and µ is the scale at which the MS mass is defined. The perturbative series for both Z m and Z cont have renormalon ambiguities, therefore so does m pole . However, in the desired relation,
cont Z m is ambiguity free. We calculate m pole on the lattice in two ways analogous to a previous determination using the Υ system [19] . In the first method, we use Eq. (1) and write m pole = M meson − E sim + E 0 where M meson is the experimental mass, E sim is measured from the 2-point correlators, and E 0 is calculated using perturbation theory. The second method, m pole = Z m M 0 b , uses the perturbative expression for Z m . The quantities Z m , and E 0 , calculated to O(α s ), are listed in Table 3 for the different values of aM 0 . The results for the two ways of fixing M 0 b are given in Table 6 .
This pole mass is converted, as in [20] , to m M S (µ) = Z Table 6 , where the second error is the spread with respect to varying µ, and is indicative of the neglect of the higher order terms in the perturbative expressions.
Our preferred determination of m M S (µ) comes from "directly" expanding the product Z [20] and using the Lepage-Mackenzie procedure [16] to calculate the appropriate scale q * at which to evaluate α s [20] . The reason for choosing this as the preferred method, as explained before, is the cancellation of renormalons in the product and the much better value of q * . Continuum (MS) running is then used to convert m M S (µ) to
where the first error includes statistics and interpolation uncertainty; the second is from the uncertainty in the lattice spacing; and the third is the systematic error associated with using one-loop perturbation theory. We estimate it as being 1 × α 2 s . For typical values of α s , depending on the matching scale µ, this is ∼ 2.5 − 5%. To be conservative, we assign a 200 MeV perturbative error to the mass.
There are two previous lattice determinations of m b using a one-loop matching procedure. The NRQCD collaboration [19, 20, 22] has calculated it within the Υ system, and the APE collaboration [23, 22] evaluates E sim −E 0 for the B meson in the static theory. In addition, the APE group has recently extended their matching calculation to two loops [24] . These three results are 
While all these results are consistent within errors, a couple of points are in order. First, the results of the APE calculation, which is similar to our method 1, suggest that the 2-loop term is large. This is consistent with our finding that the aq * for E 0 (and Z m ) is small, ∼ 0.6. Such a small value of aq * is indicative of a large coefficient of the 2-loop term in the bubble summation approximation (BSA). Thus in Methods 1 and 2, our estimate of perturbative uncertainty in the mass, due to the large value of 1 × α 2 s (q * ), is ∼ 400 MeV. In our preferred direct method, Z −1 cont (µ)Z m has no renormalons, and the series is better behaved in the BSA. Our estimate of the uncertainty, 200 MeV, is based on the correspondingly larger value of q * . To go beyond such an order of magnitude estimate, a two-loop calculation needs to be done within NRQCD since the 1-loop calculation shows a strong dependence of the coefficient on aM 0 . Second, we find that the variation of E bind ≡ E sim − E 0 with aM 0 is small, i.e. O(50) MeV (see Table 22 ). We estimate that the O(Λ 2 QCD /M) corrections to the APE results are of this order. Thus, we expect the systematic error in the APE calculation [24] to be slightly smaller than ours. We shall present a more detailed comparison of m M S from the heavy-light and heavy-heavy systems on the same configurations in a separate publication [25] .
Heavy-light mesons
The bare lattice results for meson energies and splittings as a function of κ and aM 0 are presented in Tables 7 and 8 b . Both methods are described in more detail in [19] . The Direct method is described in the text. The first error quoted is statistical and includes interpolation/extrapolation to the physical quark masses; the second is due to the variation in the matching scale µ.
and then to aM 0 b to obtain estimates for the physical states. (The data are not precise enough to include higher order corrections in the fits.) To show the dependence of the mass splittings on the heavy quark mass we plot them as a function of 1/M ≡ 4/(3M H * + M H ). In this paper, we use h to denote a generic heavy quark, H for a heavy-light meson, and an overbar for spinaveraged quantities. Where we find a significant M dependence, we quote the intercept (value in the static limit) and the slope. In cases where we find no significant slope, we do not show the corresponding fits in the figures. In general we find that the slope is ∼ Λ 2 QCD , i.e. the corrections to the static limit are ∼ 10% at M b .
A summary of our results at the b mass is presented in Table 9 and compared with experimental data in Fig. 3 . We find that the radial and orbital splittings are in agreement with the preliminary experimental results. The hyperfine splittings M B * − M B and M B * s − M Bs are underestimated as will be discussed below. We are able to resolve the P state fine structure for the first time on the lattice; previous lattice calculations were done in the static limit and found no significant splittings [8, 26] . There has been some controversy about the ordering of these states in potential model calculations [5] . We find that the B * 0 is the lightest and B * 2 is the heaviest. Details of the analyses follow.
In analyzing the mass splittings, we are motivated by the following qualitative picture; the mass of a heavy-light hadron is considered to be a sum of:
• the pole mass of the heavy quark which is ∼ 1.5 GeV for the c quark and ∼ 5.0 GeV for the b;
• the constituent mass m of the light quarks which is approximately 300 MeV for the u, d and 450 MeV for the s quark as inferred from the octet and decuplet light baryons, and which we expect to give the biggest contribution to the static binding energy of the ground-state hadrons;
• an excitation energy of the light quark, which, for orbitally and radially excited states, we expect to be of the order of Λ QCD ;
• the O(Λ 2 QCD /M h ) contributions due to the kinetic energy of the heavy quark and the heavy-light hyperfine energy E σ H ·σ l ≈ 45 MeV, inferred from the B * − B splittings; Figure 3 : Overview of the B meson spectrum. Circles denote lattice results, dashed lines give the range of experimental values [22] , and the dotted lines indicate preliminary experimental estimates [27] . Errors include statistics and the uncertainty in κ s . The variation of a −1 between 1.8 and 2.0 GeV is not included.
• and a residual binding energy E be encapsulating the remaining interactions which we expect to be small
We accordingly construct different linear combinations of meson and baryon masses to isolate individual terms and estimate their size and dependence on the quark masses.
B s − B d splitting
The spin-averaged splitting between B s and B d mesons should be dominated by the difference of the strange and light quark masses. Our estimate is M Bs − M B d = 90(9)( [30] , and 107(13) MeV [31] . The JLQCD calculation [32] , done at β = 5.7, 5.9, and 6.1, sees indications of ∼ 20% scaling violations between β = 5.9 and 6.1. Averaging the data at the largest two β they find 87(7)(4)( Table 10 , show no significant dependence on the heavy quark mass; however, as shown in Fig. 4 , they are consistent with the experimental trend. This consistency has also been found in Ref. [13] , where the heavy quark mass dependence has been studied at higher statistics and for a heavy quark mass range between the b and the c. 
2S − 1S splitting
The raw data for the 2 1 S 0 − 1 1 S 0 splitting are given in Table 7 , and after extrapolation or interpolation to κ l and κ s , in Table 11 . This splitting should be dominated by the differ- Table 11 and illustrated in Fig. 5 
1P − 1S splitting
The two main contributions to the spin-averaged 1P − 1S splitting should be the energy it takes to excite the light quark to angular momentum one, O(Λ QCD ), and the difference of the kinetic energy of the heavy quark in an S-wave and a P -wave light quark background, O(Λ 2 QCD /M). Our results, shown in Table 12 , are constructed from the raw data given in Tables 7 and 8 
0.251 (13) 
B * − B splitting
Our results for the hyperfine splitting are shown in Table 13 and plotted in Fig. 7 . A linear fit to the B d data gives 0.138(38)( +11 −17 )GeV 2 for the slope and −2(7) MeV for the intercept at infinite mass. A zero intercept is consistent with the HQET picture in which the B * − B splitting comes from the interaction of the heavy quark spin with the color field, i.e. through a σ · B/(2M) interaction. Our estimates are 24(5)( An underestimate of hyperfine splittings has also been seen by the previous quenched calculations [29, 10, 34, 31, 32] . The results of the JLQCD calculation [32] suggest that this is not due to scaling violations. Present preliminary unquenched calculations [35] do not show any significant improvement either, however, the mass of the two flavors of dynamical quarks is large, ∼ m s . Further work is needed to clarify this issue.
All hyperfine splittings, including those in the P state and baryon sector, are, to leading order, generated by the σ · B term in the quark action. It has recently been pointed out that the coefficient of this term should be larger by a factor of 1.15−1.30 [36, 35] . Such a correction would bring the quenched results much closer to the experimental values. 
∆E(H
* − H) lattice units MeV aM 0 κ light κ s (m K ) κ s (m K * ) κ light κ s (m K ) κ s (m K * ) 1
P fine structure
In the jj coupling scheme there are two doublets of P states which are distinguished by the angular momentum of the light quark: j l = 1/2 and j l = 3/2. The states in each doublet are separated by a spin flip of the heavy quark into a 0 + and a 1 + state for j l = 1/2 (B * 0 and B * 1 ), and a 1 +′ and a 2 + state for j l = 3/2 (B 1 and B * 2 ). We therefore expect the spin-averages of the j l = 3/2 and the j l = 1/2 doublets to be separated by O(Λ QCD ), and the states within each doublet by O(Λ 2 QCD /M). The experimental situation is as follows. There exists a broad resonance at 5697(9) MeV [22] , whose spin has not been determined and which is believed to be a superposition of various P states. There is also a preliminary experimental result by the DELPHI collaboration [27] for a narrow P state which is 81 MeV heavier than this resonance. Its spin is also not resolved, but it is believed to be either J = 1 or J = 2.
Recently, estimates for individual P states have been obtained by fitting the line shape of the broad resonance using phenomenological input based on HQET for the mass splittings, decay widths, relative production rates, and branching fractions [28] . Using this method, the CDF and ALEPH collaborations obtain a mass of the B * 2 of ∼ 5730 MeV. This result seems to be rather insensitive to the assumption about the B * 2 − B * 1 splitting, which the phenomenological model predicts to be ∼ 100 MeV. The L3 collaboration also uses hyperfine splittings of 12 MeV as input, but makes no assumption about the splitting between the j l = 3/2 and the j l = 1/2 doublet, and obtains slightly higher masses, B * 2 ∼ 5768 and B * 1 ∼ 5670 MeV. Our resolution of the P state fine structure is as follows.
First, we discuss the 0 + and 2 + states for which the data are shown in Table 14 and Fig. 8 [26] and ∼ 80(75) MeV [8] for the intercept.
The situation in model calculations is very unclear. The predictions are model dependent, and details like the treatment and the mass of the light quark are significant [5] . At this point there is no consensus on even the sign of the splitting.
0.088(17) 0.078(11) 0.075 (11) 168 (32) 149 (23) 144 (22) 2.0 0.083(17) 0.073(11) 0.071 (11) 159 (32) 140 (22) 136 (21) 2.7 0.078(16) 0.068(11) 0.066 (10) 150 (32) 131 (22) 127 (21) To study the J = 1 states we used operators with 3 P 1 and 1 P 1 quantum numbers in the LS coupling scheme as defined in Table 2 . The corresponding correlation functions get contributions from both the physical states. Therefore, at large Euclidean times both correlators are dominated by the same lowest state. The masses we extract from short Euclidean time (∆Et ≪ 1) correspond to unmixed states in the LS scheme and are not the physical masses [37] . To get the latter requires a signal in the mixed correlators followed by a diagonalization of the 2 × 2 matrix. Unfortunately, our data does not show a signal in the mixed correlators, and therefore we do not have results for the physical J = 1 states. The numbers presented in Table 9 under 1 + are those obtained using the 3 P 1 correlators. Estimates obtained from the 1 P 1 correlators are almost identical to the center of mass of the 3 P states.
Heavy-light-light baryons
The heavy-light-light baryons, in the heavy quark limit, can be classified according to the angular momentum of the light quarks. At zero orbital angular momentum, the light quarks can have total spin s l = 0 (anti-symmetric in both spin and flavor) and s l = 1 (symmetric in both). As summarized in Table 16 , there are three states with s l = 0; udb, usb, and dsb which are called the Λ (2) is unbroken. We ensure this in our lattice calculation by only analyzing baryons with degenerate combinations of light quarks. The raw data are given in Table 15 . Baryons with a generic heavy quark are denoted as Λ h , Σ h etc. To get us and ds combinations we extrapolate linearly in the degenerate light quark mass to the average mass (m s + m l )/2, which we label κ av . A summary of the experimental numbers and our lattice results is given in Table 16 and shown in Fig. 9 .
The UKQCD Collaboration has previously presented a similarly detailed analysis of the baryon spectrum [9] . They used the tree-level clover action (C SW = 1) at β = 6.2 (1/a = 2.9(2) GeV) and four heavy κ around the charm quark mass. In contrast to our calculation, their b spectrum was obtained by extrapolation in 1/M. To facilitate comparison, we summarize their results in Table 16 . Within errors these are consistent with our findings, although our results are slightly higher and have a slightly smaller light quark mass dependence. An important point, as discussed below, is that we are able to resolve hyperfine splittings for the first time.
The baryon splittings are also analyzed using the phenomenological model discussed in Sec. 5. In heavy-light-light baryons there is an additional light-light hyperfine interaction (E σ l ·σ l ), which is expected to be of order Λ QCD .
Λ − B splitting
We first consider the splitting M Λ h − (M H + 3M H * ) /4. In this combination, the heavy quark mass cancels and there is no contribution from the hyperfine interaction E σ H ·σ l . Since the light quarks are in a ground state with total spin zero, the mass of the extra light quark in the baryon gives the dominant contribution. This is borne out by the experimental values: 311(10) and 310(2) MeV for the b and c systems respectively, indicating the absence of O(Λ 2 QCD /M) contributions from the difference in kinetic energy to the splitting (see Fig. 1 ). Our lattice data, displayed in Table 17 , show little dependence on the heavy quark mass, Fig. 10 Figure 9 : Overview of the b baryon spectrum. Circles denote our lattice results, dashed lines give experimental error bounds [22] , and dotted lines show preliminary experimental results [3, 27] . There exist a number of previous results for Λ b − B, obtained by extrapolating in the heavy quark mass, 359( 
Σ − Λ splitting
In our picture, the splitting (2Σ h + 4Σ * h )/6 − Λ h depends on E σ l ·σ l , the hyperfine interaction between the light quarks, the difference of the binding energies, and of the kinetic energies of the heavy quark in each baryon. Experimentally, it is found to be independent of the heavy quark mass: (2Σ c +4Σ * c )/6−Λ c = 212 MeV and the preliminary estimate (2Σ b +4Σ * b )/6−Λ b = 210 MeV (see also Fig. 1 ). These numbers are roughly 2/3 of the Delta-Nucleon splitting (293 MeV). Such a ratio is obtained in a simple non-relativistic model where these splittings are dominated by the light quark hyperfine interaction. The lattice results shown in Table 18 and Fig. 12 are also independent of the heavy quark mass and give 221(71)( 
Σ * − Σ splitting
The Σ * h − Σ h splitting should depend only on the heavy-light hyperfine interaction E σ h ·σ l . It is therefore expected to be proportional to 1/M h . Our lattice results, shown in Table 19 Fig. 13 , if the fit is constrained to have zero intercept, then it would have a much smaller slope. Based on the assumption that the wavefunction at the origin is similar, one expects the slope for the baryon splitting to be 0.75 that for mesons [38] , which was found to be 0.138(38)( [3] . It is however likely that at least one of the states has been misidentified [4] , and this number is too large. Scaling the experimental value Σ * c − Σ c = 66 MeV by M c /M b suggests ∼ 20 MeV for this splitting [4, 40] . We find Σ * b − Σ b = 19(7)( Table 18 : Splitting between the spin-averaged Σ h and Λ h as a function of M 0 . κ av corresponds to setting the light quark mass to (m s +m l )/2. The preliminary experimental value is Σ b −Λ b = 210 MeV [3] . 
Heavy-heavy-light baryons
It is theoretically interesting to study heavy-heavy-light baryons even though it is exceedingly hard to produce two overlapping b quarks in experiments. The two heavy quarks are expected to bind in a color anti-triplet state whose size is much smaller than Λ QCD . It thus interacts with the light degrees of freedom to yield a level structure similar to that of heavy-light mesons [41, 42] . In the S-wave baryons, the total angular momentum of the two heavy quarks is J = 0 or 1. bb ′ (and the corresponding splitting between the Ω's) is due to the heavy-heavy spin interaction. This is expected to be very small, and to vanish in the infinite mass limit.
Our raw data are given in Table 20 , and the results for Ξ * hh − Ξ hh , extrapolated to m l and m s , are listed in Table 21 . The data show a strong dependence on the heavy quark mass and almost none on the light quark mass. The slope with respect to 1/M is 0.170(42)( h − Σ h . Both are hyperfine splittings between S = 1 diquark and S = 1/2 quark sub-systems; the difference is whether the S = 1 sub-system is heavy-heavy or light-light. In principle the strength of the spin-spin interaction could be different, however, the data suggest 
Determination of HQET parameters
We now present a determination of the HQET parameters Λ, λ 1 , and λ 2 . Λ denotes the binding energy of the meson in the limit M 0 = ∞. In the static theory the O(1/M) corrections to this are given by the expectation value of the heavy quark p 2 :
and the expectation value of the chromomagnetic operator:
Thus, to O(1/M), the relation between the heavy quark pole mass m pole and the heavy-light meson mass is given by: In NRQCD one measures E sim , from which E bind is obtained as
Using the estimates for E 0 given in Table 3 , E bind for the spin-averaged H meson is given in Table 22 , and for Λ h in Table 23 . We prefer to analyze the dependence of E bind on the heavy quark mass in terms of M. The reason for this choice is that m pole is not a physical (measurable) quantity and suffers from a renormalon ambiguity. Also, to O(1/M) the change from m pole to M is benign, i.e., the slope still gives the same λ 1 and λ 2 as extracted in conventional HQET analyses. The data 
We have quoted, as the second error, a systematic uncertainty due to the unknown O(α 2 s ) error in the perturbative expansion of E 0 , which we take to be 1 × α 2 s . The third error is due to the scale uncertainty. We emphasize that, due to the renormalon ambiguity, these estimates are only meant to be indicative and cannot be compared directly with other calculations.
To remove the uncertainty in Λ and λ 1 due to the perturbative estimate of E 0 we construct differences of binding energies in which E 0 drops out. The intercept of a linear fit to the spin- 
In both cases we find no significant dependence on 1/M . This suggests that the corresponding 
Λ 375 (25) 458 (14) 477 ( 
These parameters have previously been calculated by the Rome collaboration using HQET [23, 43] . They find 
It is important to note that their definition of Λ and λ 1 includes a non-perturbative subtraction of the ultra-violet divergence. Thus, the only results that can be compared directly are those for λ 1 (B s 
Conclusions
We have presented an analysis of heavy-light mesons and baryons using a non-relativistic formulation (NRQCD) for the bottom quark. Estimates of meson masses with one b quark and baryons with one or two b quarks are given in Tables 9 and 16 . Using the B meson to fix the b quark mass, we estimate m M S (m M S ) = 4.35(10)( −3 +2 ) (20) GeV. This is consistent with previous lattice determinations of m b using the Υ binding energy [19, 20, 22] , or HQET [22, 23, 24] . A more direct comparison will be possible after we extract, using the same set of lattices and propagators, m b from the Υ binding energy.
A significant feature of our calculation is that we can resolve the P states. We find that M B * 0 < M B *
2
. Using the interpolating operators based on the LS coupling scheme, we could not distinguish between the 1 + and 1 +′ states, as these mix. Also, we resolve b baryon hyperfine splittings for the first time on the lattice.
The mass splittings are analyzed in terms of a qualitative picture based on a non-relativistic quark model that is described in Sec. 5. We find that the dependence of the splittings on the light and heavy quark masses are in agreement with this picture. Quantitatively, the radial (2S − 1S), orbital (P − S), Σ − Λ, and Λ − B splittings are found to be within 1σ (∼ 20%) of the experimental values.
We are able to resolve hyperfine splittings in both mesons and baryons. The most significant difference from experimental numbers is in the B * − B hyperfine splitting. Such an underestimate of hyperfine splittings is a general feature of quenched calculations (light-light, heavy-light and heavy-heavy). Another uncertainty associated with the quenched approximation is in fixing the strange quark mass. As a result, splittings which are sensitive to the light quark mass have an uncertainty of up to roughly 20% when extrapolated to the strange quark mass.
We have calculated the HQET parameters Λ, λ 1 , and λ 2 for both the B and Λ b . Λ and λ 1 have large uncertainties due to the perturbative determination of the shift in the energy of the heavy quark, E 0 . The differences in these quantities between different hadrons do not have this ambiguity and are, therefore, much better determined.
